Abstract: Nationwide sampling campaign of treated drinking water of groundwater origin was designed and implemented in Denmark in 2013. The main purpose of the sampling was to obtain data on the spatial variation of iodine concentration and speciation in treated drinking water, which was supplied to the majority of the Danish population. This data was to be used in future exposure and epidemiologic studies. The water supply sector (83 companies, owning 144 waterworks throughout Denmark) was involved actively in the planning and implementation process, which reduced significantly the cost and duration of data collection. The dataset resulting from this collaboration covers not only iodine species (I − , IO 3 − , TI), but also major elements and parameters (pH, electrical conductivity, DOC, TC, TN, F − , Cl − , NO 3 − , SO 4 2− , Ca 2+ , Mg 2+ , K + , Na + ) and a long list of trace elements (n = 66). The water samples represent 144 waterworks abstracting about 45% of the annual Danish groundwater abstraction for drinking water purposes, which supply about 2.5 million Danes (45% of all Danish residents). This technical note presents the design, implementation, and limitations of such a sampling design in detail in order (1) to facilitate the future use of this dataset, (2) to inform future replication studies, or (3) to provide an example for other researchers.
Introduction
The aim of this technical note is to provide a thorough account on the design of a nationwide drinking water sampling campaign implemented in Denmark in 2013. The main purpose of the sampling campaign was to inform about the spatial variation of iodine concentrations and speciation in Danish drinking water. Iodine is essential element that plays important role in the metabolism and early development of humans, but there was limited information on the local and regional variability of iodine species in Danish drinking water prior to our study [1] . Even though the main focus was on iodine, the resulting dataset can be used further for drinking water exposure assessments on other elements (e.g., lithium and strontium [2] ) and following epidemiological studies (e.g., [3] [4] [5] ). The methodology was briefly described in [1, 2] with a focus on only few of the used analytes. In contrast, this technical note provides information on the entire dataset (major part of which has not been reported yet in peer-review publications). Here, we also elaborate on the design with specific focus on sampling site location choice and implementation limitations. The design details and the reasoning behind them may serve as a guide to others who are interested in conducting nationwide drinking water sampling for exposure studies or epidemiological analyses in Denmark and beyond. The existing drinking-water iodine studies rarely report selection criteria for drinking water sampling locations in satisfactory detail that limits the comparability between existing studies. The studies of Lv et al. [6] and Shen et al. [7] are exceptions with this respect, as there is enough detail for the water sampling to be reproducible and spatially representative. However, the highly cited studies on iodine in Danish drinking water preceding our sampling campaign lack this thoroughness: Pedersen et al. [8] took tap water samples from laboratories spread through Denmark (n = 55, locations only shown on low resolution map); Andersen, Petersen, and Laurberg [9] collected samples from Danish waterworks (n = 22), choosing them to verify low and high drinking water iodine contents when compared with their previous study [8] ; Rasmussen, Larsen, and Ovesen [10] collected tap water from what they denoted as "41 evenly distributed localities in the country" which were neither listed nor mapped. Another major drawback of these iodine-drinking water sampling campaigns was that they did not account for the specifics of Danish drinking-water supply system, which we have addressed in our work. Therefore, in this technical note, we first provide some background on Danish drinking water supply to set the scene, and then we elaborate on the design and implementation of this drinking water sampling campaign. The dataset resulting from our drinking water campaign has so far been used in several studies [1] [2] [3] [4] [5] (status March 2017). We foresee that the details provided in this technical note will facilitate the future use of this "historical" dataset and will inform potential replication studies in Denmark.
Design

Drinking Water Supply in Denmark
Denmark is relatively small country (about 43,000 km 2 ), with about 5.6 million inhabitants. Danish drinking water supply relies entirely on groundwater. The present Danish landscape is shaped mainly since the Weichselian glaciation and most of the Danish primary and secondary aquifers consist of Quaternary or Miocene sand and gravel or Paleocene to Late Cretaceous chalk and limestone. The spatial variability of groundwater composition with focus on iodine is discussed further in [11, 12] . Danish households rely greatly on the water supply system, bottled water consumption in 2013 was 22.8 L/cap (0.127 million m 3 ) [13] , which was amongst the lowest in Europe and below the global average (30 L/cap [9] ). Danish drinking water supply is characterized by decentralized structure of more than 2600 waterworks, with annual groundwater abstraction of about 400 million m 3 per year [14] , spread across the country. About 72% of the active waterworks have annual abstractions of <0.1 million m 3 , whereas about 3% are abstracting >1 million m 3 [14] . Most of the Danish waterworks abstract groundwater from multiple wells or even multiple well sites. In some cases, groundwater from different aquifers is pumped up and mixed together before it gets to the treatment facilities. The raw groundwater undergoes simple physical and chemical treatment at the waterworks, consisting of aeration and sand filtration only. However, 74 waterworks (out of the >2600) with annual water production of about 50.47 million m 3 have obtained permits to use some sort of advanced water treatment Table 1 [15] . Neither chlorination, nor ozone treatment are used, according to [15] . 
Sampling Site Selection
There were few initial limitations of the sampling design in relation to the scale and the nature of the study. Sampling all of the active waterworks was cost-inefficient, thus the number of sampling points was initially limited to about 180 (based on budget limitations and labor-time). As the focus of the study was on the spatial variability of iodine in drinking water, the campaign consisted of a single sampling event. The snap-shot nature of this sampling campaign was partially overcome by studying the short term temporal variability at one of the large waterworks supplying Copenhagen area (8 samples for two week period) (see Supplementary Data accompanying [1] ). The results were inconclusive; however, previous investigations have pointed to relatively stable conditions for iodine and lithium [1, 5] . Studying the temporal variability was not in the scope of our study, so this dataset limitation should be kept in mind if/when the dataset is used by others. The stability of regulated water quality parameters in raw groundwater and treated drinking water can be further evaluated based on the mandatory data reports to Jupiter database (Iodine is not part of the regular quality checks). Jupiter is the Danish public nationwide geological and hydrological database, which is maintained by the Geological Survey of Denmark and Greenland (GEUS) (www.geus.dk/DK/data-maps/jupiter/) and serves as an integrated information system for geology, groundwater, and drinking water [16] . Details on the access to data in the Jupiter database from different users and on data flow to and from the database can be found in [16] .
The sampling site selection was based on data extracted from the publicly available Jupiter database (maintained by Geological Survey of Denmark and Greenland, GEUS) on 6 December 2012, consisting of the postal addresses, geographic coordinates, and annual abstraction volumes of all public waterworks (either privately or publicly owned) each supplying more than nine households. Based on this data, about 397 million m 3 groundwater abstraction volumes were reported for 2010 by 2585 waterworks supplying more than nine households. Two selection criteria were adopted (Figure 1 ):
1. the largest waterworks in each municipality polygon (n = 99), and 2. the largest one in each grid cell (n = 189, 20 × 20 km) were selected.
The sampling campaign aimed to be representative for the drinking water (quality) supplied to as large proportion of the Danish population as possible. At the time of designing this campaign there was no readily available data on supplied area/population at the level of each waterworks, so the waterworks' size, based on groundwater abstraction volumes for 2010, served as a proxy. The limited information on spatial variability of iodine in drinking water lead us to the second selection criteria, as to allow a geographically even coverage. When combining these two selection criteria, we identified 181 waterworks, from which only 27 had annual abstraction volumes <0.2 million m 3 . The 2010 groundwater abstraction volumes for none of the waterworks located in Sydjurs and Stevns municipalities were reported to Jupiter database, thus, 2007 data was used for these two municipalities instead. This added 5 more waterworks to the initial selection, resulting in a list with 186 waterworks representing about 40% of the annual groundwater abstraction for drinking water purposes in Denmark. This coverage was considered acceptable for the purposes of our study, so we proceeded with contacting the companies owning these waterworks, so we could obtain sampling permissions and further information.
We incorporated feedback provided by some of the large water supply companies and adjusted the sampling site selection as to reflect the supply system complexity in some highly urbanized areas. Few companies advised us in inclusion of additional waterworks, as typically the supply of urbanized areas relies on more than one waterworks. Further corrections were needed also due to categorizing issues in the Jupiter data used for the initial selection: some of the ID numbers corresponded to single well sites (not the waterworks treatment facilities as usual), because some of the large waterworks report abstraction volumes for each well site separately to Jupiter. For these identified misclassification cases, the overlying waterworks (treatment facilities) were added to our selection list instead. After these adjustments, the final selection resulted in 189 sampling points all representing single waterworks, see Figure 1 . instead. This added 5 more waterworks to the initial selection, resulting in a list with 186 waterworks representing about 40% of the annual groundwater abstraction for drinking water purposes in Denmark. This coverage was considered acceptable for the purposes of our study, so we proceeded with contacting the companies owning these waterworks, so we could obtain sampling permissions and further information. We incorporated feedback provided by some of the large water supply companies and adjusted the sampling site selection as to reflect the supply system complexity in some highly urbanized areas. Few companies advised us in inclusion of additional waterworks, as typically the supply of urbanized areas relies on more than one waterworks. Further corrections were needed also due to categorizing issues in the Jupiter data used for the initial selection: some of the ID numbers corresponded to single well sites (not the waterworks treatment facilities as usual), because some of the large waterworks report abstraction volumes for each well site separately to Jupiter. For these identified misclassification cases, the overlying waterworks (treatment facilities) were added to our selection list instead. After these adjustments, the final selection resulted in 189 sampling points all representing single waterworks, see Figure 1 . Figure 1 . Sampling point location. Symbols: initial waterworks selection, based only on the two selection criteria (n = 181): 1st selection criteria (red empty square), 2nd criteria (red empty circle); waterworks which sent samples to the lab (n = 144) (blue square); contacted waterworks which did not participate i.e., no answer; negative answer; answered positively, but samples were not received at the lab (red cross) (note: the arrow indicates North direction).
Sampling
The sampling process was logistically challenging due to its spatial coverage. Since our study was aiming to obtain a snap-shot of the drinking water quality, prolonged sampling period was undesirable. After considering the practical challenges and estimating the time and resources needed, it was decided that a reasonable compromise is to involve the waterworks in the sampling process itself. Therefore, invitations for participations were sent to each identified owner of the selected Figure 1 . Sampling point location. Symbols: initial waterworks selection, based only on the two selection criteria (n = 181): 1st selection criteria (red empty square), 2nd criteria (red empty circle); waterworks which sent samples to the lab (n = 144) (blue square); contacted waterworks which did not participate i.e., no answer; negative answer; answered positively, but samples were not received at the lab (red cross) (note: the arrow indicates North direction).
The sampling process was logistically challenging due to its spatial coverage. Since our study was aiming to obtain a snap-shot of the drinking water quality, prolonged sampling period was undesirable. After considering the practical challenges and estimating the time and resources needed, it was decided that a reasonable compromise is to involve the waterworks in the sampling process itself. Therefore, invitations for participations were sent to each identified owner of the selected waterworks. All who accepted our invitation received sampling materials, including the suit of sampling bottles and a manual describing the sampling procedure (Appendix A). We specified in the manual that the sampling point should be right after the treatment procedures and before the water leaves the facility to be supplied to consumers (at exit waterworks). Each sample consisted of four plastic bottles (i.e., centrifuge tubes, Figure A1 ) filled with treated drinking water. Field duplicates were planned randomly for 10% of the participating waterworks (duplicate sample consisted of eight bottles). Immediately after sampling the bottles were to be send to the Inorganic Lab at GEUS (Copenhagen, Denmark) by post. The samples were refrigerated at 4 • C degrees upon their arrival to the laboratory and were analyzed as soon as possible. To avoid overloading of the laboratory, the sampling packages were dispatched in two batches with two weeks difference in the beginning of April 2013. Despite this, most of the samples were received in the first four weeks of the period between 11 April and 12 June 2013 ( Figure 2) . A total of 76% of the samples were received at the lab the same day or a day after the sampling event (Figure 2 waterworks. All who accepted our invitation received sampling materials, including the suit of sampling bottles and a manual describing the sampling procedure (Appendix A). We specified in the manual that the sampling point should be right after the treatment procedures and before the water leaves the facility to be supplied to consumers (at exit waterworks). Each sample consisted of four plastic bottles (i.e., centrifuge tubes, Figure A1 ) filled with treated drinking water. Field duplicates were planned randomly for 10% of the participating waterworks (duplicate sample consisted of eight bottles). Immediately after sampling the bottles were to be send to the Inorganic Lab at GEUS (Copenhagen, Denmark) by post. The samples were refrigerated at 4 °C degrees upon their arrival to the laboratory and were analyzed as soon as possible. To avoid overloading of the laboratory, the sampling packages were dispatched in two batches with two weeks difference in the beginning of April 2013. Despite this, most of the samples were received in the first four weeks of the period between 11 April and 12 June 2013 ( Figure 2) . A total of 76% of the samples were received at the lab the same day or a day after the sampling event ( Figure 2 ). 
Additional Data Collection
Questionnaires with mixture of closed and open questions were also sent to the contact persons at the participating waterworks in regards to the groundwater extraction well sites, treatment procedures, and drinking water supply and export (Appendix B). Materials in any form or links with relevant online sources of reliable and updated information about the abstraction and supply areas were requested as well.
Implementation
Water Sampling
Positive answers for participation in this study were received for 80% of the selected waterworks (n = 152), while four waterworks (2%) responded negatively. For the rest of the waterworks (n = 33, 17.5%), there was no answer after follow-up e-mails and phone calls. Samples from 144 (95% of the 152 which agreed to participate) were received and analyzed at the laboratory. Two of the 152 waterworks refused to receive the sampling packages and another sampling package was returned empty (open without the water samples). Taking into account the voluntary and non-profit character of the participation, the success-rate (95%) is exceptionally high. The initial agreement for participation by one of the waterworks was changed after receiving the questionnaire (see Table A1 ). The 
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Implementation
Water Sampling
Positive answers for participation in this study were received for 80% of the selected waterworks (n = 152), while four waterworks (2%) responded negatively. For the rest of the waterworks (n = 33, 17.5%), there was no answer after follow-up e-mails and phone calls. Samples from 144 (95% of the 152 which agreed to participate) were received and analyzed at the laboratory. Two of the 152 waterworks refused to receive the sampling packages and another sampling package was returned empty (open without the water samples). Taking into account the voluntary and non-profit character of the participation, the success-rate (95%) is exceptionally high. The initial agreement for participation by one of the waterworks was changed after receiving the questionnaire (see Table A1 ). The explanation was that completing the questionnaire is too laborious (this case is included in the four that refused). It is suspected that the success rate of this campaign is also affected by the unreliable (not up-to-date, or wrong) contact information for some of the waterworks. Nevertheless, it is believed that higher success rate would most likely be achieved only if such sampling was part of a state monitoring regulated by law. Including the parameter of interest, i.e., here iodine, in the routine water-quality monitoring of the waterworks would be the optimal way of collecting data on nationwide scale which describes both the spatial and the temporal variation of water composition.
The spatial distribution of the drinking water dataset resulting of this sampling design is covering more or less evenly the entire country (Figure 1 ). The dataset (n = 144) represents waterworks abstracting annually about 175 million m 3 , accounting for 45% of the total groundwater abstraction for drinking water purposes by all publicly and privately owned Danish waterworks (n > 2600). Only six of the waterworks can be considered small (annual abstraction < 0.1 million m 3 ), whereas 46 (31.9%) have annual abstractions >1 million m 3 [1] . Figure 2 of Supplementary data accompanying [1] provides more information on the abstraction volumes distribution from each of the 144 waterworks).
Additional Data Collection
The questionnaire was filled in at least partially for 94 waterworks (92 of which sent also water samples, 64% of total). Information about groundwater catchment areas of the production wells and well sites was provided in various formats. The varying quality of these data prevented their direct use for the purposes of the study; however, data on the geology at the waterworks' wells from Jupiter database (GEUS) was summarized for the needs of our data analyses [1] .
The information on supply areas was provided by all 94 waterworks; however, the quality and the type of information also varied: written free description of aerial parts, hand drawn sketches, links to online GIS, reports with high resolution figures, digital geocoded data sources (e.g., AutoCad, MapInfo, AcrMap files). Geocoded digital data, which is considered the most reliable, was provided for only 28 of the waterworks. Until 2014, the information on supply areas of the waterworks was not present in asingle publicly-accessible database/repository, but instead it was part of the municipalities' strategy plans (in Danish "vandforsyningsplan"). However, Schullehner and Hansen [17] compiled a map with the water supply areas of 2852 waterworks covering the entire country by collecting and digitalizing data from various sources (incl. the digital geocoded data collected in this study). This map enables the spatial connection between water quality supplied by the Danish waterworks with the resident history, health, and economic-social status on a personal level for the entire Danish population (see example in [2] ).
Based on this map [17] and two different datasets on residency, it was estimated that about 45.3% of all residents (by 2008) and 42.7% of all households (by 2012) are supplied with drinking water by the 144 waterworks included in this sampling campaign [2] .
Data and Data Accessibility
The data on drinking water chemistry from the individual water works are not reported here as this is beyond the scope of this technical note. However, we include an overview of concentrations' level variation of major and minor elements (Figure 3 ), which may be of interest for future exposure, medical geology, or epidemiology studies. Methodological details for each of the analyzed parameters (including filtering, the analytical methods and detections limits) are provided in Appendix C.
Major elements and main parameters analyzed and included in the dataset (n = 13): pH, Electrical conductivity, Dissolved Organic Carbon, Total Carbon, Total Nitrogen, Fluoride, Chloride, Nitrate, Sulphate, Calcium, Magnesium, Potassium, and Sodium.
Minor elements that were analyzed and included in the dataset (n = 69, listed in alphabetic order): Aluminium, Antimony, Arsenic, Boron, Barium, Beryllium, Bismuth, Bromide, Cadmium, Cerium, Cobalt, Chromium, Caesium, Copper, Dysprosium, Erbium, Europium, Gallium, Gadolinium, Germanium, Gold, Hafnium, Holmium, Indium, Iron, Iridium, Iodide, Iodate, Iodine (total), Lanthanum, Lead, Lithium, Lutetium, Manganese, Mercury, Molybdenum, Niobium, Neodymium, Nickel, Osmium, Palladium, Phosphorus, Platinum, Praseodymium, Rhenium, Rhodium, Rubidium, Ruthenium, Samarium, Scandium, Selenium, Silicium, Silver, Strontium, Tantalum, Tellurium, Terbium, Thorium, Thallium, Thulium, Tin, Titanium, Tungsten, Uranium, Vanadium, Yttrium, Ytterbium, Zink, and Zircon.
The dataset obtained as part of this sampling campaign is partially available through the Danish open-access database Jupiter (GEUS). In general, all Jupiter data can be searched, mapped, visualized, and downloaded free of charge. The chemical analyses are associated with specific sample number, geographic location (via the waterworks identification number "JUPITER ID"), indication for the type of analyzed water (raw, treated, etc.), and specific sampling point. The data obtained as part of this study has been assigned unique attribute "JODGCP" (under project code). Due to the specifics of the individual agreements with some of the water supply companies involved in the sampling, however, the results from the 2013 sampling campaign will not be made readily available for download by "unprivileged users" (access classification, according to Figure 1A of [16] Nickel, Osmium, Palladium, Phosphorus, Platinum, Praseodymium, Rhenium, Rhodium, Rubidium, Ruthenium, Samarium, Scandium, Selenium, Silicium, Silver, Strontium, Tantalum, Tellurium, Terbium, Thorium, Thallium, Thulium, Tin, Titanium, Tungsten, Uranium, Vanadium, Yttrium, Ytterbium, Zink, and Zircon. The dataset obtained as part of this sampling campaign is partially available through the Danish open-access database Jupiter (GEUS). In general, all Jupiter data can be searched, mapped, visualized, and downloaded free of charge. The chemical analyses are associated with specific sample number, geographic location (via the waterworks identification number "JUPITER ID"), indication for the type of analyzed water (raw, treated, etc.), and specific sampling point. The data obtained as part of this study has been assigned unique attribute "JODGCP" (under project code). Due to the specifics of the individual agreements with some of the water supply companies involved in the sampling, however, the results from the 2013 sampling campaign will not be made readily available for download by "unprivileged users" (access classification, according to Figure A1 of [16] ). 
Conclusions
Drinking water quality monitoring is a mandatory part of EU countries' legislation, as stipulated in the EU drinking water directive (Council Directive 98/83/EC of 3 November 1998 on the quality of water intended for human consumption). The Directive's objective is to protect human health from the adverse effects of drinking water contamination. However, monitoring is only focusing on compounds with well-documented adverse effects, while the parameters with long-term adverse effects or naturally occurring elements with likely positive effects on human health are omitted. To study public health effects from such non-mandatory compounds, specific sampling campaigns are needed, and detailed account on their design and implementation is necessary to ensure the integrity and future reuse of the data. This technical note presents such an example of a successful involvement of the drinking water supply sector in a university research project focusing on iodine speciation in drinking water, but also including in total 82 elements and parameters for 144 waterworks in Denmark. The success rate and the spatial cover of the obtained drinking water chemistry data are surprisingly high taking into account the limitations of the methodology. The quality and quantity of the obtained data was considered appropriate with respect to the formulated goals of our studies [1, 2] . However, for future use of this dataset, it is recommended to carefully consider its appropriateness with respect to the specific study goals. It should be kept in mind that this dataset represents a single 
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Appendix B
Danish Text (Original) English Translation
Indsamling af vandprøver til forskningsprojekt om jod i drikkevand Dette spørgeskema skal bruges i forskningsprojektet "Jod i det hydrologiske kredsløb i Danmark: betydning for menneskers sundhed" som foregår i et samarbejde mellem GEUS og Institut for Geoscience, Aarhus Universitet, og vi håber I kan besvare så mange af vore spørgsmål som muligt. Formålet med projektet er, at opnå ny videnskabelig forståelse af hvordan jod fordeler sig i dansk grund-og drikkevand samt belyse gavnlige effekter af jod i drikkevandet i forhold til folkesundheden. I alt 180 vandforsyninger fordelt over hele landet kontaktes og anmodes om at levere vandprøver til forskningsprojektet. For at opnå forståelse for jod og drikkevand, har vi brug for oplysninger om vandvaerket som vandprøven kommer fra. En del af de oplysninger vi beder om herunder er tilgaengelige i GEUS' Jupiter-database, men denne er desvaerre ikke opdateret med hvordan jeres vandvaerk fungerer når prøven udtages. Da resultaterne skal anvendes i et forskningsprojekt er det meget vigtigt, at vi har opdaterede og korrekte oplysninger. Så vi håber derfor, I har forståelse for, at vi beder om disse oplysninger som ellers synes offentligt tilgaengelige. Udfyld venligst spørgeskemaet og send den til Denitza Voutchkova ddv@geo.au.dk senest XX Juni 2013.
National sampling campaign for the research project on iodine in drinking water This questionnaire will be used in the research project "Iodine in the hydrological cycle in Denmark: implications for human health", which is collaboration between GEUS and the Department of Geoscience, Aarhus University, and we hope you could answer as many of the questions as possible. The purpose of the project is to obtain new scientific understanding of how iodine is distributed in Danish groundwater and drinking water, as well as to elucidate the beneficial effect of iodine in drinking water in relation to public health. A total of 180 waterworks across the country were contacted and asked to collect samples for this research project. In order to better understand the iodine variation in drinking water, we need additional information on the waterworks from which the samples come from. Some of the information we request below might be available in the Jupiter database, but might not be up-to date. As the results are going to be used in a research project, it is very important that we have the current and accurate information. So, we hope that you understand why we are asking for this information which is anyway publicly available. Please complete the questionnaire and send it to Denitza Voutchkova ddv@geo.au.dk the latest XX June 2013. 
